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Abstract
Before vitrified waste can be safely disposed of, a comprehensive understanding of the effects of temperature on wasteform aqueous durability must be acquired. In the experiments herein, a Magnox waste glass of 25 wt.% simulant waste loading was leached in static batch experiments at 40, 70, 80 and 90 °C to investigate the Arrhenius dependence of dissolution. Results from ICP-OES/MS, EDX, SEM and XRD analyses are discussed in terms of the roles of the glass species within Magnox waste glasses. 




Internationally, highly active liquor generated during the reprocessing of spent nuclear fuel is vitrified to form a durable solid from a liquid nitric acid waste stream; reducing many of the hazards associated with the long-term interim storage of the waste and its subsequent permanent disposal underground in a geological disposal facility (GDF) [1–3]. It is expected over the course of tens to hundreds of thousands of years that groundwater, at an estimated ambient temperature of 40 °C, will eventually breach the barriers of the GDF, contact the vitrified products, and corrode the glass. Consequently, the safety case for disposing of such products underground hinges upon developing a comprehensive understanding of how product chemistry and environmental properties affect the aqueous durability of nuclear waste glasses and the behaviour of the radionuclides they aim to retain over geological timescales [4–7]. 
Dissolution experiments have taken place on countless wasteform compositions under myriad experimental conditions. In particular, changes in leachant pH or temperature have been shown to have significant impacts on both the initial and long-term dissolution rates of nuclear waste glasses at near to or far from saturation conditions [8–13]. Additionally, Mg-containing glasses have been shown to have significantly poorer long-term aqueous durability than their Mg-free equivalents [14–16]. 
Commonly in the UK, a Magnox (Mg-Al alloy fuel cladding) waste loading of 25 wt.% (MW25) is considered to be the ‘standard’ Magnox waste glass composition [17]. Numerous simulant MW25 dissolution experiments have taken place at high temperatures to accelerate dissolution under the assumption that the underlying mechanisms of dissolution would be the same as those in a GDF but merely accelerated [16–18]. Further, lower temperature studies have also taken place at low glass surface area to leachant volume ratios (SA/V) or in single-pass flow-through experiments to selectively probe initial glass dissolution rates [19,20]. 
The experiments described herein therefore aimed to investigate the effects of dissolution temperature on the rates of MW25 dissolution and the production of alteration layers. To probe this process across all stages of glass dissolution (excluding rate resumption), dissolution experiments took place at an intermediate SA/V using deionised water. Initial experiments took place at an estimated GDF temperature and an accelerated dissolution temperature (40 and 90 °C respectively). Additionally, to better investigate the Arrhenius temperature dependence of glass dissolution and whether the same dissolution processes were occurring across a range of temperatures, further experiments took place at 70 and 80 °C. Inductively coupled plasma mass spectrometry and optical emission spectroscopy (ICP-MS and ICP-OES respectively) were used to analyse the leachates. A comprehensive study of the surfaces of the samples leached at 70 and 80 °C took place using a scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX). Analysis of the crystalline phases of MW25 and alteration products took place using X-ray powder diffraction (XRD).
2.	Experimental
Wasteform preparation
MW25 (vitrification test rig pour 36, campaign 10 [21]) was crushed using an agate pestle and mortar set and then sieved using stainless steel test sieves (75 µm and 150 µm). The sized glass was then decontaminated of magnetic particles and washed to remove adhering fines following an adaptation of the washing methodology described in the product consistency test type B (PCT-B, ASTM) protocol [22]; the glass was washed only using absolute ethanol, with ethanol used for the steps which otherwise required deionised water in the original procedure as to prevent roughening or alteration of the glass surface before the experiments. The washed glass was then dried at 90 ± 2 °C for over 16 hours. The measured composition of MW25, reported in the literature, is given below in Table 1 [23]. 
Table 1: Measured composition of MW25 taken from the literature presented in oxide weight percent [23].










Dissolution and leachate characterisation (40 and 90 °C)
Between 4.495 and 4.500 g of washed and sized MW25 powders were leached at 40.0 ± 0.1 °C and 90.0 ± 0.1 °C in 45.0 ± 0.5 mL type 1 deionised water (18.2 MΩ.cm at 25 °C) for a SA/V of 2012 ± 24 m-1 (assuming spherical particle diameter of 112.5 µm and density of 2.65 gcm‑3 [23]). The pH of the leachant was unbuffered and allowed to vary freely. Experiments were started following the PCT-B protocol [22]. These initial static batch dissolution experiments employed 60 mL perfluoroalkoxy alkane (PFA, Savillex) acid-cleaned standard jars with fluid transfer port lids (3.175 mm inner diameter) as the leaching vessels. The fluid transfer ports allowed rapid access to the leachant and were sealed during the experiments using a 5 cm piece of acid-cleaned PFA tubing (3.175 mm outer diameter). PFA was selected so that it could be extensively cleaned (over 24 hours of 50 % aqua regia, 50 % HNO3 thrice, and then deionised water) under class 100 clean lab conditions. Jars were placed into Al blocks cut to accommodate their exact dimensions, which in turn had been placed into block heaters (Grant Instruments, QBH2 and QBD2) at least 24 hours before the start of the experiment to pre-heat them to their required temperature. Experiments took place in duplicate at each temperature with duplicate blank vessels.  
At periods of 0.25, 0.5, 7, 28 and 126 days (± 2 %), 100.0 ± 0.8 µl aliquots were taken in triplicate from each leaching vessel by unsealing one of the fluid transfer ports and inserting an acid-cleaned 5 cm piece of PFA tubing (3.175 mm outer diameter) attached to a 200 µl pipette tip and pipette (Eppendorf). Upon being taken, each aliquot was immediately diluted by a factor of 10 using 900 µl 2 % HNO3 (type 1 deionised water and double Teflon distilled HNO3). Sample vials were weighed whilst empty, after adding the diluent, and after adding the sample and mixing to calculate gravimetric dilution factors. An additional 200.0 ± 1.6 µl aliquot was also taken from each vessel at each sampling interval to measure the pH of the leachant (InLab Micro Pro-ISM pH electrode with Mettler Toledo FiveEasy F20 pH meter, calibrated using either NIST traceable 7.00 and 10.00 ± 0.01 buffers for samples or 4.00 and 7.00 ± 0.01 buffers for blanks). As only a single pH measurement from each leaching vessel was taken, these measurements were assigned a conservative error of  0.1 pH units. After 28 and 126 days of dissolution, the leaching vessels were briefly removed from the heaters to be weighed. As these experiments were ongoing, solid samples at each sampling interval could not be retrieved for analysis.
Samples were centrifuged for 3 minutes at 3000 RPM (5424 microcentrifuge, Eppendorf) before being further diluted by a factor of 10 (50 µl sample and 450 µl 2 % HNO3) for a final dilution factor of 100. Blank samples were not diluted further. Concentrations of most major glass elements (Al, B, Ba, Cs Li, Mg, Mo, Na, Si, and Te) in the leachates were then measured using ICP-OES (5100, Agilent). A set of calibration standards were fabricated from single-element plasma standards to cover the concentration range of the leachates; the accuracy of which was checked using SPS-SW2 (Spectrapure Standards) at dilution factors of 1, 10 and 50, and SLRS‑6 (CNRC-NRC) undiluted. 
Dissolution and leachate characterisation (70 and 80 °C)
The static batch dissolution experiments at 70.0 ± 0.1 °C and 80.0 ± 0.1 °C took place using between 0.390 and 0.400 g of washed and sized MW25 with 4.00 ± 0.08 mL type 1 deionised water (18.2 MΩ.cm at 25 °C) leachant per leaching vessel for a SA/V of 1988 ± 45 m-1 (under the same particle geometry assumptions as before). Again, the pH of the leachant was allowed to vary freely and was not buffered. As with the 40 and 90 °C experiments, experiments followed the PCT-B protocol [22].  Rather than sampling the same large leaching vessels, smaller individual leaching vessels consisting of a stainless steel reaction vessel containing a 5 mL polytetrafluoroethylene (PTFE) liner and lid were used. These vessels were then removed from the heaters entirely at the end of each sampling interval. The same block heaters as in the 40 and 90 °C experiments were again used. Samples were placed into the Al blocks inside the block heaters (pre-heated for at least 24 hours) and were leached for 0.25, 1, 7, 14 and 28 days. Each leaching duration at each temperature consisted of MW25 leached in triplicate with duplicate blanks. 
Once the target leaching time had elapsed, the leaching vessels were removed from the heaters, opened and the leachates were extracted through 0.45 µm nylon filters (Puradisc, Whatman) using pieces of PFA tubing (Savillex) and 10 ml syringes (BD Plastipak). A 0.1 ml aliquot was then pipetted into a 15 mL centrifuge tube and immediately diluted by a factor of 100 using 9.9 ml of 1 % HNO3 (type 1 deionised water and double Teflon distilled HNO3). Approximately 1.1 ml of each filtered, undiluted leachate underwent pH analysis (Mettler Toledo LE438 pH electrode with FE20 FiveEasy benchtop pH meter, again calibrated using either NIST traceable 7.00 and 10.00 ± 0.01 buffers for samples or 4.00 and 7.00 ± 0.01 buffers for blanks). The leached powders were then put to dry at 90 °C for 16 hours.
Diluted samples were analysed for the majority of elements within MW25 (27Al, 11B, 137Ba, 140Ce, 53Cr, 133Cs, 56Fe, 139La, 7Li, 24Mg, 95Mo, 23Na, 143Nd, 60Ni, 31P, 141Pr, 29Si, 125Te, 89Y, 90Zr alongside 66Zn and 208Pb) using ICP-MS (NexION 350D, Perkin-Elmer). 57Fe and 125Te were analysed using kinetic energy discrimination (KED) mode, whilst standard mode was used for all other elements. The accuracy of the calibration standards was verified using a 10 ng/mL standard (containing Al, Ba, Cr, Fe, Li, Mg, Na, Ni, P, Pb and Zn, SCP Science) and ten-fold diluted SPS-SW2 (Spectrapure Standards).
Leachate composition treatment
Data from the ICP-OES and ICP-MS analyses were treated following the protocol outlined in the PCT methodology [22]. Mass loss and changes in the SA/V throughout the 40 and 90 °C experiments were calculated assuming linear mass loss with time such that the final leachant volume was that of before the aliquots for that sampling interval were taken. After dilution, mass loss and blank (where applicable) corrections took place for each measured element (i), normalised elemental releases (NLi) were calculated from the corrected concentration of the elements in solution ), the mass fractions of the elements within the pristine glass (fi), and the SA/V following equation 1. The normalised releases provide a measure of glass alteration and a means of accurately comparing how congruently glass species were released into solution. 
      (1)
The  for B, Li, Mo and Na at 6 h of dissolution were divided by 0.25 d to obtain dissolution rates (r), from which an activation energy (Ea) could be calculated using the ideal gas constant (R) and absolute temperature (T) using equation 2 [9]; where A represents the Arrhenius parameter. To obtain an activation energy for each element, the 6 h dissolution rates against temperature were fit with equation 2 using Igor Pro (WaveMetrics). Arrhenius plots of the natural log of the dissolution rates against the reciprocal of absolute temperature were used to visually assess the Arrhenius-type behaviour of these mobile glass species.
   (2)
Wasteform characterisation
Surface characterisation
SEM was used to investigate how the glass surface evolved throughout dissolution and whether these processes appeared consistent at both 70 and 80 °C. Pristine MW25 was analysed as well as one leached sample randomly selected from each triplicate for each leaching duration at 70 and 80 °C. Samples were mounted onto Al stubs using carbon tape and were not coated. Analysis took place using a FEI QEMSCAN 650F Scanning Electron Magnetic Microscope with the sample chamber pumped to a high vacuum. An accelerating voltage of 3.00 kV with a spot size of 1.0 and a working distance of 4.5 mm were used to maximise resolution. Secondary electron (SE) images for each sample were acquired using an Everhart-Thornley detector at horizontal field widths (HFW) of between 414 and 1.66 µm. To ensure that the observations were consistent across the sample, at least two sets of images from different glass particles were acquired per sample.
Secondary phase characterisation
To investigate how the composition of the altered glass surface evolved with dissolution time and temperature, pristine MW25 and samples leached at each duration at 70 and 80 °C were analysed using EDX. Samples were prepared in the same manner as in the SEM analysis and analysis again took place on a FEI QEMSCAN 650F Scanning Electron Magnetic Microscope. However, the sample chamber was instead pumped to a low vacuum. Backscattered electron (BSE) images were first taken to identify areas of interest using a Circular Backscatter Detector. An acceleration voltage of 20.00 kV, spot size of 4.0 and working distance of 13.2 mm were used to acquire images at a HFW of approximately 212 µm. A Bruker XFlash 6 | 30 silicon drift detector was then used for EDX point analysis on four points selected from each BSE image.  To ensure consistency, this process was repeated at least once more on a different glass particle for each sample. Elements were then assigned to the peaks observed in the EDX spectra using ESPIRIT CAM software.
To analyse whether any detectable crystalline phases had formed during dissolution, XRD took place on pristine MW25 and MW25 leached for 28 days at 40, 70, 80, 90 °C. As the 40 and 90 °C experiments were ongoing, solid samples at these temperatures were unavailable and instead samples leached in other experiments (under otherwise identical conditions as the 70 and 80 °C experiments described herein) were analysed [24]. For each sample, 20.0 ± 0.2 mg of powder sample was mounted onto a zero-diffraction plate and analysed using a powder X-ray diffractometer (D8 Advance, Bruker) with Cu Kα1 radiation. Angles between 10.0000 ° and 60.0123 ° (2θ) were probed.
3.	Results
Leachate compositions
Whilst the leachates were analysed for most of the major components of MW25, as expected many of these glass species exhibited a low degree of solubility; Al at 40 and 90 °C (ICP-OES) and Ce, Fe, La, Nd, Pr and Y at 70 and 80 °C (ICP-MS) were within one standard deviation of their respective average blank concentrations (less than 0.5 µg/ml for all elements except Te at 70 and 80 °C which was less than 1.25 µg/ml, and Na and Si at 40 and 90 °C  which were less than 1.25 µg/ml and 7.00 µg/ml respectively). 
The normalised elemental releases of the most mobile elements within MW25 (B, Li, Mo and Na) at each dissolution temperature are plotted below (Fig. 1). Commonly, B is used as a tracer of glass dissolution as it is expected to not be significantly incorporated into any secondary phases. From the NLB, it is clear that the magnitude of glass alteration is increasing significantly with dissolution temperature. At 90 °C, dissolution of the four mobile species appeared congruent at 6 and 12 h, whereafter the NLLi and NLNa increased at a slower rate than the NLB and NLMo such that Na had the lowest releases of the four species. The congruent release of B and Mo then persisted until 126 d. Interestingly, congruent initial releases were not observed at any other temperature. At 80 °C, at 6 h and 1d Na and Li observed the highest and lowest releases of the mobile species respectively whilst B and Mo were leached congruently. As with the 90 °C results, the NLNa and NLLi at 80 °C increased more slowly than the N​LB and NLMo such that the NLNa, NLB and NLMo were within error of one another after 7 d but after this time the NLB and NLMo were higher. At 80 °C, Li remained the least released of the four species throughout dissolution rather than Na. Further, the congruent release of Mo and B persisted only until 14 d, at which point the NLMo exceeded the NLB.  The same trends were visible at 70 °C except that the NLB and NLMo remained within error throughout dissolution; with the exception of at 1 d where the NLMo was 0.02 gm-2 higher, but this difference was considered negligible. 
Contrastingly, at 40 °C at 6 and 12 h, Li observed the highest normalised releases whilst Na and B observed the lowest; with Mo falling within error of Li and Na but not B. As with all other temperatures probed, the NLNa and NLLi increased slower than the NLB such that at 7 d all four species had normalised releases within error of one another. After this time, the NLLi and NLNa remained within error of one another but after 28 d and 126 d respectively they were less than the NL​B. Interestingly, the NLMo remained within error of the NLLi and NLNa throughout dissolution (with the exception of Na at 28 d) but within error of the NLB only from 7 d onwards.

Figure 1: Normalised elemental releases for Li (Squares), B (Triangles), Na (Circles) and Mo (Diamonds)measured using ICP-OES in the 40 °C (Blue) and 90 °C (Red) leachates and ICP-MS in the 70 °C (Green) and 80 °C (Orange) leachates. The top and bottom parts of the figure display the same data as the middle, with the x-scale and y-scales reduced to better display the initial rate regime (top) and 40 °C results (bottom). Points are plotted as the average measurement (triplicate leaching vessels at 70 and 80 °C, two sets of triplicate leachates sampled from duplicate leaching vessels at 40 and 90 °C) with errors given to one standard deviation.
The NLSi (Fig. 2a) demonstrated that at lower temperatures it took longer to reach a lower apparent Si solubility limit in solution compared with higher temperatures: 28 d at 40 °C, 14 d at 70 °C, and 7 d at 80 and 90 °C. Whilst the NLSi at 90 °C were initially higher than those at 80 °C, from 7 d onwards the NLSi of the two temperatures were in error of one another. Relatively large NLTe were observed, with values approximately one third those of NLLi at each temperature (Fig. 2b). Of note, the significant decrease in the NLTe between 28 and 126 d at 90 °C demonstrates that Te is being precipitated from solution at a faster rate than it is being leached. The experiments at 70 and 80 °C were evidently too short to observe whether measurable reprecipitation was taking place and the 40 °C concentrations were omitted as many of these measurements were within error of the blank concentrations. 
At 90 °C there was no measurable evolution of the pH with time (Fig. 2c). Similarly, at 80 °C although there was a spike in the leachate pH at 1 d, subsequent measurements were within error of the 6 h value. At 40 °C and 70 °C, a more gradual increase in pH was observed before reaching their long-term values after 7 d and 1 d respectively. After 7d, the pH of the 40 °C leachates remained within error of the 90 °C leachates whilst the 70 °C leachates remained more alkaline than the 80 °C leachates, both at a lower pH than the 40 and 90 °C leachates.

Figure 2: (a) Normalised Si releases for the 90 °C (Red triangles), 80 °C (Orange squares), 70 °C (Green circles) and 40 °C (Blue diamonds) leachates. Points are plotted as the average value (triplicate leaching vessels at 70 and 80 °C, two sets of triplicate leachates sampled from duplicate leaching vessels at 40 and 90 °C) with errors given to one standard deviation. (b)Normalised Te releases presented in the same manner as the Si results. The Te releases at 40 °C were omitted as many values were not significant from the average blank concentration. (c) Leachant pH measured at each sampling interval. The 70 and 80 °C points are plotted as the average value from the triplicate pH measurements with errors given to one standard deviation. The 40 and 90 °C points consist of only one measurement and were assigned an error of ± 0.1 pH units.
Arrhenius plots and activation energies
An Arrhenius plot of the natural logarithm of the 6 h dissolution rates against the reciprocal of absolute temperature displayed excellent Arrhenius-type behaviour for B and Mo (Fig. 3). This is reflected in the low errors associated with their activation energies of 44.6 ± 2.9 and 46.3 ± 4.9 kJmol-1 respectively (Table 2) obtained from non-linear least squares regression of equation 2 (Supp. Fig. 1). Whilst Li displayed Arrhenius-type behaviour as well, the error associated with its activation energy is larger than B and Mo at 53.1 ± 10.0 kJmol-1.  The Arrhenius plot of Na, however, appears to display some degree of non-Arrhenius behaviour: there is a steep slope between 40 and 70 °C corresponding to a high activation energy of 67.4 ± 10.8 kJmol-1 followed by an almost flat region between 70 and 90 °C. As the slope of this region was negative, an activation energy could not be calculated for it.

Figure 3:Natural logarithm of the dissolution rates (Ci/time) of B, Li, Mo and Na after 6 hours of dissolution at 40, 70, 80 and 90 °C against the reciprocal of absolute temperature (1/T). Points represent average measured values with errors given to one standard deviation as propagated from the Ci errors. The linear trendlines do not represent linear regressions, with the activation energies (Table 2) being obtained through non-linear least squares regressions (Supp. Fig. 1).
Table 1: Table of the activation energies (Ea) from the non-linear least squares regressions (Supp. Fig. 1) for B, Li and Mo. The activation energy for Na was instead obtained through linear regression of the 40 and 70 °C points. Errors represent one standard deviation from the non-linear least squares fit, except for Na which was propagated from the errors on the CNa’s. 
 	B	Li	Mo	Na (40 to 70 °C)
Ea (kJmol-1)	44.6 ± 2.9	53.1 ± 10.0	46.3 ± 4.9	67.4 ± 10.8

The altered surface
SEM images taken of powders for each leaching duration at 70 and 80 °C provided insight into how alteration progressed at each temperature (Fig 4).  After some roughening of the glass surface (Fig. 4a), a macroporous layer gradually formed which wholly covered the glass (Fig. 4d and 4h onwards). As this layer matured, not only did its thickness appear to increase (as visually judged from the apparent depth of its pores), but the pore size also increased to yield pores of up to approximately 200 nm in length (Fig. 4j). This result appears consistent but merely slowed at 70 °C compared with 80 °C.  
At lower magnifications, significant cracking of the glass particles is visible at both 70 and 80 °C (Fig. 5). The circles given on Fig. 5 correspond to spots analysed using EDX, with the results given in Fig. 6. To investigate the composition of the macroporous layer and how this evolved with temperature, spots were intentionally taken far from any clusters of secondary phases. 





Figure 4: Secondary electron SEM  images taken at high magnifications of: pristine MW25 (Leftmost); MW25 leached at 70 °C for 6 hours (a), 1 day (b), 7 days (c), 14 days (d) and 28 days (e); and MW25 leached at 80 °C for 6 hours (f), 1 day (g), 7 days (h), 14 days (i) and 28 days (j).

Figure 5: Backscattered electron SEM images taken of pristine MW25 (a), MW25 leached for 28 d at 70 °C (b) and MW25 leached for 28 d at 80 °C. The red circles indicate spots analysed using EDX (See Fig. 6 for EDX results)


Figure 6:EDX spot analysis of pristine MW25, MW25 leached for 28 d at 70 °C and MW25 leached for 28 d at 80 °C. The locations of the spots analysed are given in figures 5a, b and c respectively.
As expected from the EDX analysis (Supp. Fig. 2 and 3), XRD of pristine MW25 revealed it contained the characteristic peaks of crystalline RuO2 as well as Mg-Fe-Cr-Ni spinels at various stoichiometries (Fig. 7). However, at 70 °C after 28 d of dissolution an additional phase was detected. A significantly smaller peak at approximately 29.5 ° (2θ) has been previously accredited to a spinel phase [23]. However, none of the Mg-Fe-Cr-Ni phases of any stoichiometry in the International Centre for Diffraction Data (ICDD) database matched this peak acceptably. Instead, this peak matched well with the characteristic peak of a telluride phase, as is consistent with the view of Te precipitating from solution (Fig. 2b).  It is expected the glass might have not been leached for long enough (as only 28 d leached samples were analysed) for significant amounts of Te to precipitate consistently and for this result to be reproducible at other temperatures. Therefore, the precipitation of Te was not expected to have a measurable impact on the residual rate of alteration and was not further discussed.

Figure 7: X-ray diffractograms acquired for pristine MW25 (Black) and MW25 leached for 28 days at 40 °C (Blue), 70 °C (Green), 80 °C (Orange) and 90 °C (Red). As the 40 and 90 °C dissolution experiments described herein were continuous, the 28 day 40 and 90 °C leached powders came from other dissolution experiments [24] which took place using the same methodology as the 70 and 80 °C experiments described herein. Letters correspond to characteristic peaks of crystalline phases: “R”RuO2 (ICDD [040-1290]), “M” Donathite ((Fe,Mg)(Cr,Fe)2O4, ICDD [022-0349]) and Mg-Fe-Cr oxide ((Mg,Fe)2Cr1.8O4, ICDD [071-1257]) or MgCr2O4, (ICDD [077-0007]), “T” (located at 29.8 ° on the 70 °C line) REE-Te oxide (ICDD [016-0572]) or TeO2 (ICDD [008-0484]).
4.	Discussion
Mobile releases
Boron and the alkali metals
In glasses, alkali metals play either a network modifying role, depolymerising the glass network through the formation of non-bridging oxygen (NBO), or a charge compensating role to tetrahedral network forming species [25–27]. It has been demonstrated in lithium-sodium borosilicates that rather than being randomly mixed, Li is expected to preferentially form NBO in the Si network whilst Na is expected to preferentially compensate tetrahedral Al or B network units [28–32]. Experiments on Mg-free compositions have shown these modifiers leach via interdiffusion: the reactive inward diffusion of protonated water species, ion-exchange between the modifiers and H+/H3O+, and the subsequent outward diffusion of the modifiers [33,34].  As this is a diffusive process it is initially rapid, and Li and Na initially observed some of the highest releases of any glass species (Fig. 1).
As B is a network former, it is not expected to leach via interdiffusion but rather hydrolysis reactions between water and B network bonds. However, B was observed to leach at a similar rate to the alkali metals during the initial regimes (Fig. 1). This may be attributed to the low energy barrier associated with the B-O-Si bond, allowing the rate of B hydrolysis to be similar to the rate of interdiffusion [29,35]. Whilst the energy barrier posed by the B network is significantly lower that of the Si network, there is still likely a small difference between the activation energies of interdiffusion and B hydrolysis which results in subtle differences in their Arrhenius-type behaviour [36]. This would result in the rate of B hydrolysis changing relative to the rate of interdiffusion as the dissolution temperature is varied, which is likely the cause of the observed change in the releases of B relative to the releases of Li and Na during the initial rate regime as the temperature is changed (Fig. 1).
The effective diffusivities of water and glass species, and subsequently interdiffusion, are expected to exhibit Arrhenius-type behaviour. Additionally, the rate of interdiffusion is dependent upon the activity of protons in solution and diminishes as the pH of the leachant increases. Interdiffusion is therefore a selective process with rates which differ depending upon the diffusivities of the water and glass species, the pH and temperature of the solution and the Arrhenius temperature dependence of the activation energy of interdiffusion. Hydrolysis, however, is favoured more than interdiffusion with increasing leachant temperature and pH [36]. That is, increasing the leachant pH and temperature has been shown in the literature to reduce the time taken for hydrolysis to become the dominant dissolution mechanism over interdiffusion [36]. Further, interdiffusion controls the initial stage of dissolution for a significantly shorter period of time when the leachant is initially dilute deionised water compared with a Si-saturated aqueous solution [37]. Again, this is consistent with the observation of the releases of B changing relative to the releases of Na and Li with temperature (Fig. 1).
During the initial moments of dissolution (6 and 12 h) at 40 °C, the releases of Li were higher than the releases of B and Na (Fig. 1). This suggests that at this lower temperature, ion-exchange reactions still are occurring rapidly. The discrepancy between the rates of interdiffusion of Li and Na may be attributed to Li having a higher diffusivity in the glass, potentially arising from a lower mass and smaller ionic radius [36]. Further, this could also be attributed to Li being more weakly bonded to the glass network in its preferred NBO role than Na in its preferred charge compensation role [29]. However, the releases at 70 and 80 °C appear to contradict this, with the releases of Na and Li being higher and lower respectively than those of B (6 h and 1 d). At 90 °C B, Li and Na displayed initially congruent releases. 
It is expected that as the dissolution temperature increases, hydrolysis is favoured to interdiffusion such that, for a given dissolution interval, the initial releases of B, Li and Na would eventually be congruent. The preferential release of Li at 40 °C and the congruent releases at 90 °C in the initial rate regime for MW25 are in good agreement with this view, whilst the preferential releases of Na at 70 and 80 °C appear to contradict it. This could be caused by an increase in the rate of B hydrolysis at higher temperatures promoting or controlling the initial release of charge compensating Na, resulting in a change in the Arrhenius-type behaviour of Na at higher temperatures to a flatter slope compared with between 40 and 70 °C (Fig. 3) and consequently the initial releases of Na exhibiting a minimal change with temperature between 70 and 90 °C. That is, the initial release of Na, which preferentially charge compensates the B network [28], is promoted by the increased release of B at higher temperatures and so Na observes different activation energies between 70 and 90 °C compared with 40 and 70 °C. 
As Li is a network modifier which instead preferentially associates with the Si network, it does not observe the same change in activation energy at 70 °C as Na; as is reflected by Na observing a significant change in its slope in the Arrhenius plot after 70 °C, whilst Li observes consistent Arrhenius-type behaviour at all temperatures probed. Changes in temperature therefore affect Na differently to other mobile glass species, as evinced by the Arrhenius plots (Fig. 3). This is consistent with the view that whilst Na and Li both leach via interdiffusion reactions, their different structural preferences mean they observe different dissolution processes even at lower temperatures; as is further suggested by their activation energies between 40 and 70 °C (Table 2).
At all temperatures, the releases of Li and Na increased at a slower rate than B; as is consistent with the view that the rate of interdiffusion diminishes more rapidly with time than hydrolysis. This effect is therefore more prominent at higher temperatures, where the rate of hydrolysis is faster and dominates more rapidly [36]: the releases of Li and Na were less than B but within error of each other at 40 °C only after 126 d, whereas at 90 °C incongruence is clearly visible after just 7 d.  After 7 d at 90 °C, Na was observed to be the least released of the mobile species followed by Li. This is consistent with the observation that Li initially leached more than Na at 40 °C due to its higher diffusivity and role as a more weakly bound network modifier in the glass. However, Li remained the least leached of the mobile species throughout dissolution at 70 and 80 °C. Again, this difference may be attributable to the increased rate of B hydrolysis at higher temperatures promoting the release of network modifying Na.
The pH at 40 °C was lower than that at 90 °C until after 7 d of dissolution (Fig. 2c), which may further contribute to the Li interdiffusion reactions being favoured over hydrolysis at 40 °C. Similarly, the pH of the 70 and 80 °C leachates were lower than at 90 °C, with the difference between the 70 and 80 °C considered negligible. However, even after just 6 h of dissolution, the measured pH at all temperatures was well in excess of 9.0. This suggests that hydrolysis should quickly be the dominant dissolution mechanism even at lower temperatures [36], but the higher releases of Li than B at 40 °C appear to contradict this.
The role and release of molybdenum
In nuclear waste glasses, Mo exists as tetrahedral polyanions (commonly [MoO4]2-). Rather than being bonded to the borosilicate matrix or to each other, these tetrahedra are instead commonly charge compensated by alkali metals [31,38–40] in the modified region of the modified random network. Consequently, Mo is preferentially located in depolymerised cationic domains rich in network modifiers [27,41,42]. This preference gives rise to a high activity coefficient for Mo, facilitates the rapid diffusion of Mo through the glass, promotes phase separation, and causes Mo to have a low degree of solubility in borosilicate glasses. Alkali metal molybdates therefore have a high solubility in water and once formed reduce the aqueous durability of the glass [38]. Where the alkali metal and Mo contents of the modified regions are sufficiently high, crystalline alkali molybdates and chromates can precipitate during vitrification to form highly water soluble “yellow phase” [38,43]. Likely owing to the low MoO3 contents of MW25 (1.4 wt.%), MW25 is considered to be a homogeneous waste glass composition in which yellow phase formation has not been observed [23]. However, a lack of yellow phase does not necessarily imply Mo is well-incorporated into the borosilicate structure, as alkali metal molybdates can be found in both glassy and crystalline phases [42]. 
The rapid release of Mo observed at all temperatures (Fig. 1) likely arises from the presence of non-crystalline alkali metal molybdates in modified regions. These depolymerised channels present less of a barrier to the inward diffusion of water species than the polymerised borosilicate network, thereby permitting rapid hydration and promoting interdiffusion. The ease of dissociating charge compensating alkali metals from the molybdates combined with their lack of network bonding and their ability to rapidly diffuse out of the hydrated cationic domains likely gives rise to their low aqueous durability. Consequently, whilst the glass alters at its most rapid initial rate, Mo is quickly released from the modifier-rich domains. Simultaneously, interdiffusion and B hydrolysis are similarly rapid. This results in Mo initially having the joint highest releases of any element alongside Li at 40 °C, whilst Mo and B were initially leached congruently at 70, 80 and 90 °C. 
The congruent release of Mo with B continues throughout all regimes probed at 70 °C (with the exception of at 1 d), until 14 d at 80 °C (where the releases of Mo marginally exceed those of B), and until 126 d at 90 °C (where the release of Mo is less than that of B). After 7 d at 40 °C, Mo is released congruently with both B and Li. The dissolution of Mo is consistently rapid across all temperatures. That is, whilst lower temperatures may favour interdiffusion and higher temperatures may favour hydrolysis during the initial rate regime, the leaching of Mo appears to consistently be a dominant process alongside both interdiffusion and hydrolysis across all temperatures. 
As dissolution progresses, the difference between the release of Mo and the alkali metals becomes more apparent, indicating a difference in the process governing their release. Whilst after the initial rate regime at all temperatures the rate of Mo dissolution slows at a similar rate to the rate of B hydrolysis, the rate of interdiffusion slows more rapidly. This consistent behaviour across temperatures suggests that Mo leaches through a hydrolysis process rather than interdiffusion and the hydrolysis of Mo has a similar energy barrier to the hydrolysis of B. Therefore, the normalised releases of Li and Na during the later dissolution regimes increase at a slower rate than the normalised releases of Mo and B, resulting in incongruent dissolution which is more apparent at longer dissolution regimes and higher temperatures. The discrepancy between the releases of Mo and B after 126 d at 90 °C could be attributed to the formation of a highly passivating altered layer component, through which the reactive outward diffusion of Mo would be slowed in comparison to B due to its larger ionic radius. If leached for a sufficient period of time, a similar passivating altered layer effect would eventually also be visible at lower temperatures. This is supported by the Arrhenius-type behaviour Mo exhibited (Fig. 3).
Silicon
The solubility limit of Si in solution is not an intrinsic glass property but rather an apparent solubility limit which depends upon composition, temperature, pH and SA/V and evolves gradually with dissolution time [44]. Although the pH at 40 °C after 7 d was measured to be within error of the 90 °C leachates, the difference in Si solubility could be attributed to differences in dissolution temperature and therefore rates of Si network hydrolysis. Interestingly, despite a higher dissolution temperature and leachant pH (Fig. 2c), the Si releases at 90 °C were within error of those at 80 °C from 7 d onwards. This suggests that at higher temperatures a change in temperature has a smaller impact on the apparent Si solubility limit than at lower temperatures, such that the limits are within error of each other at 80 and 90 °C. 
When interpreting the Si results and the kinetics of MW25 alteration it should be considered that MW25 contains 4.5 wt.% MgO. As shown in the SEM images and EDX spectra at high reaction progress (Fig. 4 and Fig. 6 respectively), as Mg precipitates from solution this takes with it significant amounts of Si to form a magnesium silicate secondary phase covering the entirety of the glass particle.  This consumption of Si from solution may fuel further hydrolysis of the Si network and therefore contribute to a higher rate of a dissolution in Mg-containing glasses compared with Mg-free compositions.
Kinetics of alteration
The Arrhenius plots of B, Li and Mo (Fig. 3) show that the rates of B hydrolysis, Li interdiffusion and Mo dissolution exhibited Arrhenius-type behaviour. However, Na displayed more interesting behaviour (Fig. 3) with a high activation energy for between 40 and 70 °C, whereafter at higher temperatures the initial releases are significantly less affected by the increasing dissolution temperature. As previously discussed, this deviation from Arrhenius-type behaviour at temperatures exceeding 70 °C may be attributable to the increased rate of B hydrolysis at higher temperatures promoting the release of charge compensating Na. 
Based upon the B releases, an activation energy of 44.6 ± 2.9 kJmol-1 was calculated (Table 2), with the activation energies calculated using Li and Mo falling within error of this value. The activation energy of network hydrolysis (surface-controlled reactions) is expected to be much higher than that of purely diffusive transport through the glass, at values of approximately 60 and 10 kJmol-1 respectively [14,45]. Instead, the activation energies calculated herein for B, Li and Mo fell into the range of a “mixed reaction” (15 to 50 kJmol-1) [45] and were lower than those calculated for immobilised low activity waste glasses using B releases (52 to 56 kJmol‑1) [9] and a Magnox waste glass leached at pH 12.1 (64 kJmol-1) [14]. 
The mixed reaction for the B activation energy implies that the rate of diffusion of water into the glass plays a significant role in determining the rate of B network hydrolysis. This is consistent with the view that the B hydrolysis front occurs in a layer of hydrated glass ahead of the Si network hydrolysis front [29,46]. However, as the B activation energy is closer to that of a surface-controlled reaction than a diffusive transport-controlled reaction, the rate limiting mechanism of B hydrolysis in the initial regime does not appear to be the inward diffusion of water species. 
The Li activation energy (53.1 ± 10.0 kJmol-1) is within error of the activation energy of immobilised low activity waste glasses (52 to 56 kJmol-1) [9] and a Magnox waste glass leached at pH 12.1 (62 kJmol-1) [14]. However, it still falls within the range of a mixed reaction, implying that interdiffusion during this initial regime is not simply rate limited purely by the inward diffusion of water species but rather the rate of ion-exchange also likely plays some role. This is consistent with the view that as radioactive waste glasses are highly polymerised, ion-exchange precedes hydration of the glass [35]. If the experiments had taken place under conditions designed to selectively probe the initial dissolution rate of the glass, it could be expected that the difference in the activation energies calculated using B and Li would have differed more. 
Contrastingly, the activation energy of Na between 40 and 70 °C was found to be 67.4 ± 10.8 kJmol-1, which falls in the range of a surface-controlled reaction. This demonstrates that even at lower temperatures that the dissolution processes of Li and Na differ, as is consistent with the differences observed in their Arrhenius-type behaviour (Fig. 3) and observations of different elemental profiles for Li and Na using atom probe tomography [29]. Whilst both Li and Na are expected to leach via interdiffusion reactions, this difference likely arises due to differences in their preferences; with Na preferentially charge compensating the B network and therefore leaching alongside B [28], resulting in its ‘surface-controlled reaction’ activation energy. At higher temperatures this effect is less visible as the initial release of Na is promoted by the release of B, reducing its temperature dependence as previously discussed. 
Taken separately, the Arrhenius-type behaviour of B, Li and Mo appear to suggest that the same sets of dissolution mechanisms are taking place across the range of temperatures probed and that at lower temperatures these mechanisms are merely abated. However, this view neglects how differences in the Arrhenius-type behaviour of B hydrolysis and interdiffusion result in a change in the rate of B hydrolysis relative to the rate of Li interdiffusion as the dissolution temperature changes. Additionally, this view neglects the significant change associated with the activation energy of Na observed at 40 and 70 °C compared with at higher temperatures. That is, how the increased dissolution kinetics of B at higher temperatures results in charge compensating Na becoming more independent of temperature compared with at lower temperatures; thereby causing the temperature behaviour of Na to significantly differ from network modifying Li. The Arrhenius plot of Na therefore strongly suggests that the same dissolution processes are not identical across the range of temperatures studied.
The macroporous layer and precipitates
At both 70 and 80 °C, after some initial roughening of the surface (Fig. 4a) an alteration layer began forming across the surfaces of the leached particles (Fig. 4b and 4f) which appeared to mature as dissolution progressed to form a thick macroporous layer which covered the altered glass particles entirely (Fig. 4e, 4i and 4j). Notably, the evolution of the glass surface at 70 °C appears to go through the same stages of alteration as the surface at 80 °C but merely slowed. This is consistent with the view that across this small temperature range probed the same alteration products are forming and the mechanisms of their formation are the same.
Comparisons of EDX spectra of the leached and pristine glass surfaces revealed the macroporous layer was a magnesium silicate (Fig. 5 and 6) with clusters of magnesium silicate precipitates growing on its surface (Supp. Fig. 2 and 3). Consequently, no such porous layer has been observed after leaching Mg-free waste glass compositions [12,15,46]. This macroporous layer appears to present an ineffective barrier to the inward transport of water species. Further, its continued formation during the residual rate regime consumes Si and Mg from solution, which in turn would leave the solution undersaturated and act as a driving force to fuel further hydrolysis of the glass network [13,47]. These factors both likely contribute to the significantly poorer aqueous durability of MW25 when compared with its Mg-free counterpart SON68 [14–16]. SEM images taken of a simplified analogue of MW25 leached at 90 °C for 112 d under otherwise identical conditions to the 70 and 80 °C experiments herein [publication submitted to Journal of Non-Crystalline Solids] observed a similar layer forming which had significantly delaminated to reveal highly altered glass underneath (Supp. Fig. 4). This demonstrates that this macroporous layer is not the relict, depleted gel layer [35,48], but rather is likely a precipitated magnesium silicate secondary phase sitting upon the surface of the altered glass. 
5.	Conclusions
The releases of B and Mo were shown to exhibit Arrhenius-type behaviour between 40˚C and 90˚C with activation energies of 44.6  2.9 and 46.3  4.9 kJ mol-1 respectively, initially suggesting that the same dissolution mechanisms were taking place across all temperatures probed but merely accelerated at higher temperatures. However, changes in the rate of B hydrolysis relative to the rate of Li interdiffusion were also observed as the dissolution temperature was increased. This was attributed to the difference between the activation energies of interdiffusion and hydrolysis and subsequently subtle differences in their Arrhenius behaviour. Importantly, a high activation energy associated with Na between 40 and 70 °C combined with the non-Arrhenius behaviour of Na demonstrated its release processes differed even from Li at lower temperatures. This was attributed to the increased rate of hydrolysis of the B network at higher dissolution temperatures promoting the initial release of charge compensating Na compared with lower temperatures; rendering the dissolution of Na less susceptible to temperature changes above 70 °C. Therefore, the same dissolution processes were not consistent for Na across the range of temperatures studied.
At all temperatures, the rate of Li and Na interdiffusion increased less rapidly than the rate of B hydrolysis.  This was strongly suggestive of the inward diffusion of water species playing some role in determining the rates of interdiffusion and B hydrolysis but was not strictly rate-limiting during the initial rate regime. Mo was shown to be amongst the most mobile elements throughout dissolution and leached with comparable releases to B during the later stages of dissolution at all temperatures. This was attributed to the presence of non-crystalline alkali metal molybdates within depolymerised alkali-rich domains. 
A macroporous magnesium silicate layer with clusters of precipitates was shown to form across the surface of the leached glass particles. This layer was shown to form through the same mechanisms at 70 and 80 °C, but merely abated at 70 °C with the layer becoming thicker and more porous at a faster rate at 80 °C. The poorer aqueous durability of Mg-containing glasses compared to their Mg-free equivalents was attributed to the porous nature of this layer and the mechanisms of its formation consuming Si from solution, thereby presenting less of a barrier to dissolution and fuelling further dissolution of the glass network respectively; with the latter effect likely being more aggressive at higher temperatures.
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